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Quorum sensing (QS) is the chemical communication processes between
bacteria, which may be inter-genus or intra-genus. In general, several physiological
functions, such as nutrient uptake, competence development, bioﬁlm formation,
sporulation, and toxin secretion, are accomplished through QS process. The QS (cell
density-dependent process) circuit in Gram-positive bacteria consists mainly of two
parts: an inducer molecule and a receptor protein. The binding of inducer molecule to
receptor activates the target gene, which then performs the necessary function in
bacteria. In the past few years, several investigations have been conducted to explore
the QS circuit in various bacteria, but still this information is insufﬁcient to fully
understand the bacterial gene expression cascade. In the present review, we summarize
the QS architecture and their associated gene regulation in four Gram-positive
bacteria, such as Bacillus subtilis, Staphylococcus aureus, Bacillus cereus, and
Streptococcus pneumoniae. It is well established that S. aureus, B. cereus, and
S. pneumoniae are potent human pathogen. A detailed understanding of QS circuit
in these bacteria would be useful in preparation of customized medicine in future.
Whereas, B. subtilis is an industrially important candidate and has been used in several
biotechnology sectors. Understanding of QS circuit in B. subtilis will deﬁnitely enrich
the antibiotics and enzyme industries.
Keywords: Gram-positive bacteria, quorum-sensing circuit, gene expression,
pathogenicity
Introduction
The chemical communication or quorum sensing (QS) is a sequential
process initiated by binding of an extracellular signal to a receptor. It is a critical
cascade pathway in bacteria, which is not only important for survival in
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competitive environment but also signiﬁcant in maintaining normal cell physiol-
ogy, cell growth, and nutrient uptake. In 1984, Engebrecht and Silverman [1]
had investigated the light production phenomenon in detail and had stated that
the activation of luciferase gene is responsible for light production in bacteria.
Later on, Nealson and Hastings [2] ﬁrst described the QS mechanism and its
associated gene regulation in two luminous bacterial strains, Vibrio ﬁscheri and
Vibrio harveyi. Furthermore, their results also demonstrated that QS is a cell
density-dependent process and the activation of QS-associated genes is dependent
on the threshold value of the stimulating molecules. The QS process is common in
both Gram-negative bacteria and Gram-positive bacteria, although it differs
greatly in terms of inducer molecules, response circuit, and mechanism. In general,
Gram-negative bacteria produce a small signaling molecule called acyl homo-
serine lactone (AHL), which after reaching the threshold concentration enter the
cell, bind to regulatory protein, which then act as a transcription factor for several
enzymes and virulence factor secretion genes [3, 4]. On the other hand, in Gram-
positive bacteria, a precursor oligonucleotide molecule is cleaved into a functional
signaling molecule (10–20 amino acids), transported outside the cell by a special
channel protein and after reaching the threshold concentration, it binds to a
receptor protein on the surface of the cell. The binding of the signaling molecule
phosphorylates the receptor molecule, which transfers its phosphate (P) to a
response regulatory protein, which then binds to a speciﬁc site in the DNA and
activates several QS-associated genes [5]. In a recent review, Deep et al. [6] have
stated that a signiﬁcant portion of the proteome (≥20%) and the bacterial genome
(4%–10%) are inﬂuenced by QS signaling processes. Furthermore, synchroniza-
tion of virulence factor-associated gene expression in pathogenic bacteria is very
important and controlled by QS process [4, 7, 8]. Besides regulating pathogenicity,
QS-mediated gene expression also plays a critical role in bacterial metabolism [9].
Furthermore, researchers also stated that bacteria use QS network to control a wide
range of function, such as sporulation, competence development, motility, bioﬁlm
formation, antibiotic production, and conjugation [10–12].
Research on QS mechanism in Gram-negative bacteria is very common, as
most of the pathogenic bacteria belong to the Gram-negative group and their
pathogenic efﬁciency is highly regulated by a QS process [8, 13]. On the other
hand, reports on QS-mediated gene expression in Gram-positive bacteria are
scanty. Therefore, an emphasis has been given to summarize the available
information of QS-associated gene regulation in Gram-positive bacteria. Although
the QS system in Gram-positive bacteria is also diverse, we have picked
four species: Bacillus subtilis, Staphylococcus aureus, Bacillus cereus, and
Streptococcus pneumoniae. We have critically analyzed the QS system in these
four species, because S. aureus, B. cereus, and S. pneumoniae are considered to be
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potent human pathogen, and B. subtilis is recognized as an industrially important
(antibiotics and enzyme industry) candidate.
QS in Gram-positive bacteria
QS-mediated gene expression in response to cell density is a common
phenomenon in bacteria. In the past few years, the QS-associated response in
Gram-positive bacteria has extensively been investigated (Table I). In Gram-
positive bacteria, the induction pathway is a two-component system, which
contains an inducer molecule and a kinase receptor in the membrane [8]. The
phosphorylation of the receptor kinase activates the regulatory protein, which acts
as transcription factor of the QS target gene. Jimenez and Federle [23] reported the
occurrence of two families of transcription factors, RNPP and Rgg, which possess
pheromone-binding domain. RNPP is recognized as a critical factor in regulation
of several processes like sporulation, conjugation, bioﬁlm formation, and patho-
genic responses [24]. In case of Gram-positive bacteria, the population density is
directly proportional to the amount of secreted peptides (10). Signaling molecules
used in Gram-positive bacteria are either unmodiﬁed or posttranslationally
modiﬁed small peptides, secreted via ABC exporter proteins [25]. Furthermore,
Table I. Quorum-sensing-associated phenotype in Gram-positive bacteria
Bacteria Signal Phenotype References
Lactobacillus
lactis
Modiﬁed nisin Nisin-like bacteriocin [14]
Bacillus subtilis ComX-pheromone, CSF Competence, sporulation,and
bioﬁlm formation
[11]
Clostridium
difﬁcile
4OH-5-methyl-3(2)-H furanone Toxin production [15]
Listeria
monocytogenes
AIP Virulence [16]
Streptococcus
mutans
CSP, XIP Competence and virulence [12]
Streptomyces sp. γ-butyrolact - one, PI and
M-factors
Antibiotics production [17]
Enterococcus
faecalis
Gelatinase biosynthesis-
activating pheromone
Virulence and protease
production
[18]
Lactobacillus
plantarum
PLNC8IF Plantaricin-like bacteriocin
production
[19, 20]
Streptomyces
griseus
γ-butyrolactone Secondary metabolites [21, 22]
Note: CSP: competence stimulating peptide; XIP: sigx inducing peptide; CSF: competence stimulating
factor; AIP: autoinducing peptide.
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several researchers have reported that the active peptides are formed from a larger
precursor protein and then modiﬁed by adding several chemical groups like
thiolactone ring, lactone, isoprenyl, etc. [18, 26, 27]. It is now well-established that
the bacteria produce signaling peptides continuously throughout their population
growth, but the QS pathway is getting activated only at a high cell density [6, 8].
Whereas, Bendori et al. [28] have reported the activation of RapP–PhrP QS system
in B. subtilis occurs at low cell density. In the following, we will discuss few
interesting QS phenomena in bacteria belonging to the Gram-positive group.
QS circuit in B. subtilis
B. subtilis is rod shaped, catalase positive, endospore forming bacterium
most distributed in soil and gut of animals. The competency property of this
bacterial species is dependent on the QS gene regulation. In an investigation
Grossman [29] stated that B. subtilis becomes competent at the transition between
logarithmic and stationary growth phase. Zafra et al. [30] characterized an
extracellular DNA-based regulation in B. subtilis at late exponential phase, which
was related to an early competence signaling pathway. The protein associated with
competence property was tightly regulated by QS system involved in ComP–
ComA system and ComX pheromone [31–34]. In the presence of ComX, the
histidine kinase ComP activates ComA, which acts as regulatory factor for QS
genes [35]. The activated QS system then expresses the competence transcription
factor ComK and resulting in DNA uptake [36]. The detail mechanism is
illustrated in Figure 1. Sporulation is another classical example of QS-mediated
response in B. subtilis. In adverse environmental conditions, B. subtilis forms
endospore for survival. The competence stimulating factor (CSF) is a pentapeptide
and has a binding domain on a ComA-speciﬁc phosphatase, RapC. At lower
concentration, CSF binds with RapC and promotes competence, whereas at higher
concentration, CSF inhibits the CosS gene and promotes the degradation of ComK
protein and thus promotes sporulation (Figure 1) [34–36]. In a recent study, Dogsa
et al. [34] investigated the presence of Com QXPA locus in several other bacterial
species. Their results demonstrated the presence of ComQXPA system in a variety
of bacterial species, but interestingly all of these belong to the phylum Firmicutes.
Detailed research should be conducted to explore the relationship between the
Com QXPA system and bacterial molecular evolution.
Virulence factor-associated QS in S. aureus
S. aureus is an invasive human pathogen, which causes several diseases,
such as food poisoning, skin infection, endocarditis, and pneumonia [37]. Due to
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the antibiotic-resistant property of the bacteria, the infection caused by S. aureus is
difﬁcult to treat [38]. The degree of pathogenicity exhibited by S. aureus depends
on its successful invasion inside the tissue, and this process is a QS-associated
phenomenon [39]. The accessory gene regulator (agr) system comprises two RNA
transcripts, RNA II and RNAIII [10, 40]. The RNAII operon system consists of
four genes, agrB, agrD, agrC, and agrA. The signaling cascade begins with the
production of a 46 amino acid peptide encoded by agrD gene, which is then
modiﬁed by an integral membrane protein AgrB [41, 42]. The modiﬁed octapep-
tide acts as a ﬁnal autoinducing peptide (AIP) that contains a thiolactone ring,
which is required for signaling activity. The AgrA and AgrC together form the
two-component system that has the binding domain of AIP and act as a histidine
kinase [40]. The induction of two-component system activates the RNAII operon,
as well as acts as transcription factor for RNAIII transcript itself. Activation of
RNAIII produces several virulence factors, such as hemolysin, Protein A,
Figure 1. Quorum-sensing-associated gene regulation in Bacillus subtilis showing competence
development. ComX protein acts as a signaling molecule, which activates the membrane-bound
ComP–ComA system. Upon activation, the ComP–ComA system phosphorylates ComS gene and
produces ComS protein, which is responsible for maintaining the stability of ComK protein and
ultimately switching on the competence development gene cascade. Square boxes, curved boxes,
solid, and dashed dotted lines indicate the genes, protein, direction of signaling pathway, and the
products of the expressed genes, respectively. Small round circle indicates signaling molecules
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coagulase, and surface protein (Figure 2). Queck et al. [43] have also reported the
expression of phenol-soluble gene by phosphorylated agrA. Bioﬁlm development
is another important phenomenon exhibited by S. aureus [43]. Several researchers
suggested that the agr system actively inhibits bioﬁlm formation in S. aureus and
this might be a strategy to facilitate the dispersal [44, 45]. The virulence factors
secretion by S. aureus is an iron-dependent process. In a detail study, Oogai et al.
[46] reported that expression of different virulence factors, including RNAIII
transcript, was much higher in S. aureus grown in calf serum compared with
normal medium. The better understanding of QS network in drug-resistant
S. aureus might be useful in treating lung disease.
Expression of virulence factors in B. cereus
B. cereus is a Gram-positive pathogenic bacterium, which is able to colonize
the intestine and cause human disease, such as diarrhea, as well as produce several
Figure 2. Quorum sensing regulated virulence factors secretion in Staphylococcus aureus. The agr
operon initiates the virulence factor secretion pathway through the production of AgrD protein,
which activates the cell membrane-bound AgrB. The activated AgrB produces the signaling
molecule AIP, which again internalizes through with the AgrC channel protein, binds to AgrA
protein, and stimulates the expression of RNAIII transcript for the production of virulence factors.
Square boxes, round boxes, solid, and dashed dotted lines indicate the genes, protein, direction of
signaling pathway, and the products of the expressed genes, respectively. Small round circle
indicates signaling molecules
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virulence factors, including hemolysin [47, 48]. The secretion of virulence factors
in response to QS is illustrated in Figure 3. The transcription factor PlcR, along
with AIP, regulates the virulence factor secretion genes in B. cereus [49]. The
initiation of the QS signaling pathway begins with the expression of PapR gene.
The translational product of the PapR gene is a 48 amino acid peptide (PapR),
which is then transported outside the cell with the help of membrane transporter
channel protein. The PapR peptide is then cleaved by the catalytic activity of
protein B (the product of NprB gene) into four small peptides, such as 5, 7, 8, and
11 amino acids in length [50]. However, among these four peptides, only
pentapeptide and heptapeptide are able to activate the PlcR gene, and thus
considered as ﬁnal AIP components [50]. Furthermore, Bouillaut et al. [51]
reported that heptapeptide activation of PlcR is dominant in in vivo condition.
The ﬁnal AIP then again enters in the cell through membrane channel protein,
binds with PlcR protein, and stimulates the expression of several virulence factors
secretion genes [52, 53]. Furthermore, Slamti and Lereclus [49] stated that
pentapeptide starting with valine or methionine is unable to bind with PlcR
protein. Recently, Huillet et al. [54] have characterized a new transcription factor
Figure 3. The illustration demonstrates the quorum-sensing circuit in Bacillus cereus. Upon
environmental stimulation, the PapR gene produces PapR protein, which was then transported
outside the cell. Several proteases cleave the ParR protein into small peptides, which again enter
inside the cell, bind to PlcR protein, and ﬁnally turn on the virulence-secretion gene along with other
gene related to stress and bacterial metabolism. Square boxes, oval boxes, solid, and dashed dotted
lines indicate the genes, protein, direction of signaling pathway, and the products of the expressed
genes, respectively. Small round circle indicates signaling molecules
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PlcRa and have stated that heptapeptide–PlcRa complex was responsible for the
regulation of cystine metabolism genes and oxidative stress-related genes during
stationary phase of growth. On the other side, the product of PlcR gene acts as an
inhibitor of bioﬁlm formation, but the detailed mechanism is still not clear [55].
However, it was detected that inactivation of PlcR gene decreased the virulence
factors secretion but was unable eliminate it completely [56]. Thus, it can be
concluded that the PlcR transcription factor is not the ultimate key of virulence
gene regulations in B. cereus. There are some other factors associated with
virulence gene expression in B. cereus [57]. The available reports on QS circuit
of B. cereus suggested that there is another pathway, through which virulence
secretion genes are activated. To date, this pathway is not well-established and
desperately needs more research attention.
QS circuit in S. pneumoniae
S. pneumoniae is a Gram-positive, facultative, anaerobic bacterium that
causes pneumonia in humans. The development of bioﬁlm in S. pneumonia is a
QS-mediated process. Like other Gram-positive bacteria, S. pneumoniae also uses
a 17 residue signal peptide called competence stimulating peptide or CSP [58].
In general, two types of gene regulation processes/pathways are observed in
S. pneumoniae: early gene expression (regulated by ComE) and late gene
expression (regulated by ComX). There are two sets of genes that are being
expressed depending on time and expression of both these sets of genes resulted in
competence development. The ComCDE operon plays a critical role in compe-
tence development and bioﬁlm formation in S. pneumoniae [59]. The ComC gene
encodes the immature CSP molecules in the cell, whereas the other two genes,
ComD and ComE, act as transmembrane receptors for CSP molecules and
response regulator system, respectively [60, 61]. The conversion of the immature
CSP molecules to an active one is done by other two gene products, ComA and
ComB [61]. The transmembrane channel protein, ABC transporter actively
transports the CSP molecules outside the cell, which then acts as an inducer
molecule of the QS pathway. The binding of CSP to its receptor ComD
phosphorylates it and transfers the phosphate group to ComE [62]. The activated
ComE acts as a transcription factor for several genes, such as ComAB, ComC, and
ComDE [59]. The ComE is also reported to be a transcription factor of the
ComX gene that produces a sigma factor and ComW that is necessary for
competence development [62]. Bioﬁlm formation is a characteristic feature of
pathogenic bacteria. In S. pneumoniae, bioﬁlm formation is controlled by ComDE
pathway. The phosphorylated ComE also induces the expression of several
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bioﬁlm-associated genes, such as glucosyltransferase B/C/D, glucan-binding
protein B, and fructosyltransferase [59]. The cumulative activities of these genes
help in plaque formation. The detailed mechanism of QS-associated gene regula-
tion in S. pneumoniae is presented in Figure 4.
Future scope
The unscientiﬁc use of antibiotics creates a selection pressure for the
emergence of multidrug-resistant (MDR) bacteria [63]. Antibiotics are no longer
Figure 4. The drawing demonstrates the quorum-sensing system in Streptococcus pneumoniae.
First, the ComCDE operon secretes competence stimulating peptides or CSP molecules, which are
then transported outside the cell by ABC channel protein. Binding of CSP molecules to the outer
surface of the membrane channel protein ComD activates it through the phosphorylation of the inner
domain. Upon activation, ComD transfer its phosphate group to ComE, which modiﬁes ComX and
ﬁnally activates the density-dependent signaling pathway. Furthermore, the activated ComE also
stimulates the expression of bioﬁlm formation gene responsible for plaque development. Square
boxes, solid, and dashed dotted lines indicate the genes, direction of signaling pathway, and the
products of the expressed genes, respectively. Small round circle indicates signaling molecules
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the magic bullets they were once thought to be. QS inhibition might be an
alternative approach for controlling pathogenic bacteria [4]. It is now well-
established that the expression of virulence gene in pathogenic bacteria is mostly
controlled by QS network, and thus it will be a novel target for antimicrobial
therapy [7]. Several types of quorum-quenching molecules have been discovered
or synthesized recently to inhibit the QS circuit in pathogenic bacteria [4]. Most of
these QS analogue molecules mimic the AHL molecules and thus block the QS
system in Gram-negative bacteria. However, there is very little information about
the inhibition of QS system in Gram-positive bacteria using autoinducer-analogue
molecules. Furthermore, antibody-based QS inhibition mechanism has also gained
popularity in the recent years [7]. Several types of monoclonal antibodies have
been reported for AHL-based QS circuit in bacteria [7]. However, few reports have
been published regarding the antibody therapies in case of human diseases caused
by pathogenic Gram-positive bacteria [7, 64]. In addition, the detailed mechanism
of antibody action is still not fully understood.
Furthermore, the QS circuits (AHL responsive transcriptional regulator
and a cognate promoter) are also very useful indicators in recognizing patho-
genic bacteria in clinical sectors. Extensive research should be conducted to
explore the QS system in pathogenic bacteria, which would be helpful to treat
human diseases in more effective manner. To date, the information about QS
system is reported for cultured bacteria. It is well-established that most of the
bacteria are uncultivable/cannot be cultured in laboratory condition [65]. The QS
signal in metagenomic condition, especially in gut environment, is very much
important in response to community establishment. The detailed understanding
of QS circuit in animal gut might be a weapon in the treatment of metabolic
disorders in future.
Conclusions
In the recent years, QS type of chemical communication in bacteria has
received special attention. In this present review, we have summarized the QS
circuit and their associated gene regulation in four Gram-positive bacteria, such as
B. subtilis, S. aureus, B. cereus, and S. pneumoniae (Table II).
As environmental conditions often rapidly change, the coordinated behavior
in bacteria is crucial for rapid response. The activation of a QS pathway is a cell
density-dependent phenomenon, which helps bacteria to increase their own
population and ultimately enhance the survival chances or to inhibit/kill the other
competitive species. QS system also helps pathogenic bacteria to escape from the
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host immune system. Majority of the research on QS have focused on the Gram-
negative bacteria, as most of these are known/identiﬁed to be pathogens in humans
and animals. Few species of Gram-positive bacteria are also considered as human
pathogens, such as S. pneumoniae and B. cereus, and their pathogenicity-related
QS system have been deeply investigated. In the present review, we have
summarized the recent advancements in QS-signaling research in S. pneumoniae
and B. cereus. During QS process in S. aureus, B. cereus, S. pneumoniae, and
B. subtilis, the expression of several other genes has also been noticed, but their
roles in QS phenomenon are still unknown.
The emergence of MDR bacteria is a big threat for human beings. In recent
years, several reports have been published regarding the drug-resistant S. pneu-
moniae. The use of QS inhibition molecules might be an alternative way in the
treatment of diseases caused by MDR bacteria. Furthermore, these QS inhibition
molecules do not hamper the normal growth of the bacteria and thus will not create
any selection pressure for the emergence of MDR bacteria. Thus, QS inhibition
molecules could have longer functional shelf life than modern antibiotics in
treating disease caused by pathogenic bacteria.
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Table II. Comparative evaluation of QS network in four Gram-positive bacteria
Bacterial species QS circuit Inducer molecules Responses
Bacillus subtilis ComP–
ComA
ComX, CSF Competence development and
sporulation
Staphylococcus
aureus
agr system Octapeptide autoinducing
molecule
Toxin secretion
Bacillus cereus PapR–PlcR Pentapeptide,
heptapeptide
Toxin secretion
Streptococcus
pneumoniae
ComCDE
operon
17 residue CSP Bioﬁlm formation and competence
development
Note: QS: quorum sensing; CSF: competence stimulating factor; agr: accessory gene regulator; CSP:
competence stimulating peptide.
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